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Estimating Daily Soil Ingestion Rates
Init ia l soil inge s t i on e s t ima t e s p r o v i d e d a da i ly soil inges-l ion averaged over a time period. ** T h i s rate was s i m p l y thet o t a l e s t i m a t e d quant i ty of soil ingested d iv ided by the to tal
number of days observed. T h u s , this did not o f f e r any in s igh t[ i n t o ] the nature of variation within a subject [on] d i f f e r e n t
days. In order to provide more realistic estimates of soil in-gestion over a longer time frame than the study's duration, itis necessary to obtain es t imates of soil ingestion on each dayof the s t u d y for each s u b j e c t . 3 i The s e f i n d i n g s could thenbe mode l ed in order to e s t imate exposure over any dura t i onde s ired .Severa l years ago, we developed a novel method to esti-mate an individual day's soil ingestion for subjects and thenused these values to estimate soil ingestion over a 365-dayper i od . 3 S The estimation of daily soil ingestion and subse-quent e x t r a p o l a t i o n over a year were instructive becausethey p r o v i d e d the opportunity to estimate the number ofdays in a year that various proportions of the p o p u l a t i o nwould be pr e d i c t e d to ingest amounts of soil of interest (e.g.,
<200 mg, >500 mg, >1,000 mg, >5,000 mg, or > 10,000 mg).
As seen in T a b l e 4, this exercise predicted that 33 percent ofthe children would have 1 to 2 days per year when theywould ingest more than 10 g of soil while 16 percent of the
chi ldren would ingest more than 1,000 mg on 35 to 40 daysin a year. T h e s e values are model estimates based on theda i ly soil inge s t ion estimates and are likely to overestimate
soil ingest ion. " However, such daily estimates could beused with other models with d i f f e r e n t assumptions andther e f or e yield other predictive outcomes. The principal
po in t is that with the capacity to provide dai ly estimates therisk assessor has greater capacity to address more biologi-c a l l y relevant exposure periods that are highly relevant for
s i t e - s p e c i f i c risk assessments.

T a b l e 4. Estimated -Fercent of Children W i t h Soi lInge s t i on Exceeding Daily Rates for GivenTime Periods Per Year
EstimatedNo. o fD a y s / Y e a rW i t h S o i lInge s t i on
1-2
7-10
35-40

Daily Rate of Soil Inge s t i on

>200mg
86 -.<
72 /
42 /

>500 mg
72
53
31 '

> l g
63
41
16 .

> 5 g
42 '
20

1.6

>10g
33 -̂

9 -'
1.6^

Source: Sianek and Calabrese, 1995

34. See Binder et al.. Estimating Soil tngejtfon. supra note 11; C l a u s i n get al.,A Method for Estimating Soil Ingestion in Children, supra note
16; Calabrese et al., How Much Soil.supra note 9; Davis et al., Quan-titative Estimates, supra note 10.

35. Set Edward J. Sianek 01 e tal . ,^ Caution for Monte CarloRiskAs-sessment of Long-Term Exposures Based on Shon-Term ExposureStudy Data, 4 H U M . & ECOLOGICAL RISK ASSESSMENT 409-22( 1 9 9 8 ) .
36. See Sianek & Calabre s e , Daily Estimates, supra note 25.
37. See id.

Soil Panicle Si?e That Children Ingest
Many contaminant s ar e a s s o c i a t e d w i t h s p e c i f i c p a n i c l esizes f o u n d in s o i l . 3 8 Researchers t y p i c a l l y have determinedconcentrat ions of trace e l ement s in soil i n g e s t i o n s tud i e ssieved to a o jamete£^f_2j[Tii^ge j er s_(mrn). K n o w l e d g e of thesoil part ic le sizes that children ingest may be a critical deter-minant in the exposure assessment process. In order to deter-mine the particle size' inges t ed, it is necessary to have two
groups of tracers in soil: one whose concentration in soil is in-dependent of par t i c l e size; the other being tracers whose con-centration is partic le-s ize d ep enden t In f a c t , tracers such as
aluminum, silicon, and titanium are particle-size indep enden twhile the concentrations of cerium, lanthanum, and neodym-ium are highly dependent on particle size.39 In the case of thesethree particle-size dependent trace elements, their concentra-tions increase markedly as the particles become finer (i.e.,smaller in diameter). Moreover, as the panicle size diminishesfrom 2 mm to 250 micrometers (urn) in diameter, the concen-tration increases from 2.5- to 4-fold for these three tracers. Be-cause particles in the range of 50-100 um in diameter are typi-cally the ones that adhere to children's f inger s , 4 0 and that chil-dren place their ringers frequently in their mouths,41 childrenmay be likely to ingest soil of relatively f ine particle size.Soi l particles at a 2 mm diameter have a concentration ofcerium, lanthanum, neodymium of one-half to one-quarterof that in the less than 250 um range.4- As a re su l t , soil inges-tion es t imates are e xpe c t ed to be 2- to 4 - f o l d higher for ce-
rium, lanthanum, and neodymium when estimates use the 2mm par t i c l e size. Once we started e s t imating soil ingest ionaccording to partic le size (50,100, and 250 um), the inter-
tracer re l iab i l i ty of soil ingestion estimates markedly im-proved. The key f eature in e s t imat ing par t i c l e size ingestedis to determine the p a n i c l e size where the intertracer vari-a b i l i t y is minimized to the greate s t ex tent . Thi s method
works very well in the zone f r o m 2 mm to 250 um. T h e r edoes not appear to be s i g n i f i c a n t fur ther concentration of the
above three tracers (lanthanum, cerium, neodymium) at par-t ic l e sizes below 250 um (i.e., down to 50 um diameter). 4 3

The available data suggest that the children were ingestingthe f iner particles but it was not pos s ib l e to add further sig-n i f i can t precis ion below the 250 um diameter par t i c l e size.In the par t i c l e size m e t h o d o l o g y , it is necessary to have
tracers (i.e., go ld standard tracers) that do not vary by parti-cle size. These tracers will provide re l iab le estimates of soilingestion regardless of the panicle inges ted. However, be-
cause contaminant concentrations may differ by par t i c l esize, it is valuable to include particle-size dependent tracersalong with the g o l d standard tracers in soil inge s t i on s tudi e s .However , it would be idea l if tracer e l ement s were a v a i l a b l e

38. Steven C Sheppard & Evenden, Ecosystem Processes: Contami-nant Enrichment and Properties of Soil Adhering to Skin, 23 J.ENVTU QUALTTY 604-13 (1994).
39. See Edwaid J. Calabrese « aL, The Effect of Particle Size on Soil IngestionEstimates, 24 REG. ToxicoLOGiCAL PHARMACOLOGY 264-68 (1996).
40. See Sheppard & Evenden, supra note 38.
41. See Edward J. Sianek ni et al.. Prevalence of Soil Mouthing/Inges-tion Among Healthy Children Aged I to 6,1 J. SOIL CONTAMINA-TION 227-12 ( 1 9 9 8 ) .
42. See Calabrese et al., Soil Ingestion, supra note 16.
43. See Edward J. S t a n e k ffl et al.. Soil Ingestion Estimates for Oiildrenin Anaconda Using Trace Element Concentrations in Different Par-ticle Size Fractions, H U M . & E C O L O G I C A L R I S K A S S E S S M E N T( f o r t h c o m i n g 1998).
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S o i l I n g e s t i o n Est imation in Chi ldren and A d u l t s :A Dominant I n f l u e n c e in S i t e - S p e c i f i c Risk Asse s sment
by Edward J. Calabr e s e and Edward J. Stanek El

Editors' Summary: Over the past couple of decades, as awareness of hazard-ous waste contamination has grown, the exposure of children and adults to haz-ardous wastes via ingestion of contaminated soil has emerged as a dominantconcern in risk assessment. This Dialogue summarizes the results and implica-.tions of a multiproject research endeavor to estimate soil ingestion in childrenand adults. The authors begin by explaining how soil ingestion studies are con-
ducted. They also discuss how to differentiate among soil ingestion studies ofdifferent quality They then summarize how to use soil ingestion studies to
glean insights into the more critical aspects of soil ingestion that relate to risk,
such as how to differentiate dust ingestion from soil ingestion, how to estimate
soil ingestion on different days, and how to average ingestion over multiple
days. The authors note that while researchers have performed several studies
on soil ingestion by children, significant gaps remain in the knowledge on thissubject. Studies evaluating differences in soil ingestion by comparing regions
of the country, by comparing urban and rural populations, and by comparingseasons of the year remain to be performed. The authors further point out thatstudies on soil ingestion by adults are limited and that considerable uncertaintystill exists in this area. Thus, while this project has resulted in significant gainsin risk assessment, there are more questions to be resolved.

T he risk assessment process has always inc luded aprominent role for exposure assessment. T r a d i t i o n -a l l y , exposure assessment incorporated in format ion on theamount of water p e o p l e drink, the number of cubic meters ofair p e o p l e inhale per hour or per day, and the amount off o o d s p e o p l e consume. ' However , exposure due to inges-tion of contaminated soil has emerged over the past decadesas a dominant concern, e sp e c ia l ly with respect to soil con-tamination for t i g h t l y bound agents such as dioxin, p o l y -chlorinated b i p h e n y l s , l ead , and numerous p e s t i c i d e s . 2 In
Dr. Calabrese is a board-cer t i f i ed t o x i c o l o g i s t who is a p r o f e s s o r of toxi-c o l ogy at the Univer s i ty of Massachuse t t s Schoo l of H e a l t h Sc i enc e s , Am-herst. He has researched and written e x t e n s i v e l y in the area of host f a c t o r sa f f e c t i n g s u s c e p t i b i l i t y to p o l l u t a n t s . He i s currently chair of the Bio log i-cal E f f e c t s of Low Level Exposure s ( B E L L E ) A d v i s o r y Commit t e e , and isa former member of the U . S . N a t i o n a l Academy of S c i e n c e s , NATOCountr i e s Safe Drinking W a t e r committee s , and the Board of S c i e n t i f i cCouns e l or s for the A g e n c y for T o x i c S u b s t a n c e s and Disease Registry(ATSDR). Dr. S t a n e k is p r o f e s s o r of b i o s t a t i s t i c s at the U n i v e r s i t y of Mas-sachuset t s S c h o o l o f P u b l i c H e a l t h , • A m h e r s L He received h i s Ph.D. f r o mthe U n i v e r s i t y of N o r t h Carol ina at C h a p e l Hill . He has been researchingsoil i n g e s t i o n in ch i ldr en since 1986.

1 . S e e U . S . E P A , E X P O S U R E F A C T O R S H A N D B O O K ( 1 9 8 9 ) [ h e r e i n a f -t e r 1989 E X P O S U R E H A N D B O O K ] ; U . S . E P A , E X P O S U R E F A C T O R SH A N D B O O K ( 1 9 9 6 ) [ h e r e i n a f t e r 1996 E X P O S U R E H A N D B O O K ) .
2. See Dennis ]. Paus t enbach , A Survey of Health Risk Assessment, in"- " - •---_„.._,,,. „„ Cv ...,nr,v,,< r v i T . i »vn HUMAN

such cases, the obvious focus has been on young childrenbecause of their playful characteristics, high hand-to-mouthac t iv i ty , and reliance on caregiver at t ent ion rather thanthemse lve s for hygiene practices. T h u s , it came to be be-lieved that young children might receive subs tant ial expo-sure to soil contaminants via soil and dust i n g e s t i o n . 3 Sosubstantial was this concern that it came to dominate the ini-tial risk assessment activities at T i m e s Beach, M i s s o u r i , 4

where the U . S . Environmental Protect ion Agency (EPA),assuming that children ingested 10,000 milligrams per day( m g / d a y ) of soil, 3 purchased the homes of residents becauseof the fear of cancer risks from dioxin contamination.W i t h the increased awareness of hazardous waste con-
H E A L T H H A Z A R D S : A T E X T B O O K O F C A S E S T U D I E S 296-328( 1 9 8 9 ) .

3. See 1989 EXPOSURE HANDBOOK, supra note 1; 1996 EXPOSUREHANDBOOK, supra note 1.
4. The community of Times Beach, Missouri, was contaminated w i t hlarge amounts of dioxin as a result of the improper di sposal of wasteoils. So subs tantial was the contamination that EPA purchased nu-merous homes and moved fami l i e s from the area, thereby makingthat area the o b j e c t of considerable inve s t iga t i on s of d i o x i n soilcontamination.
5. See Renate D. K i m b r o u g h et al.. Health Implications of 2, 3. 7, 8-TCDD Contamination ofResitluaiSoil, 14 J. TOXICOLOGY & E . W T L .H E A L T H 47-93 (1984).
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lamination in the 1980s, r e s o lu t i on of how much soil andd u s t ch i ldr en i n g e s t s u d d e n l y became important to deter-
mine. In the summer of 1986, our research group at the Uni-vers i ty of M a s s a c h u s e t t s received an award f r o m S y n t e xA g r i b u s i n e s s , Inc. , as a re sul t of their invo lv emen t in theT i m e s Beach d iox in contaminant case, to est imate howmuch soil chi ldren inges t . T h i s s t u d y proved to be the startof a now 12-year m u l t i p r o j e c t endeavor to estimate soil in-ges t ion in chi ldren and a d u l t s . T h i s Dialogue summarizesthe re sul t s and i m p l i c a t i o n s of this research to date.
Brief Summary of What Has Been Learned
F i r s t , l e t ' s b r i e f l y summarize what w e have learned. Mosti m p o r t a n t l y , a f t e r a s s e s s ing more than 1,200 p o s s i b l e childsoil inge s t i on days, it is quite clear that most chi ldren on av-erage did not ingest an amount of soil even close to the ini t ia lassumption of 10,000 mg/day that the Times Beach risk as-sessment assumed. The average child aged 1 to 4 years hasbeen observed to ingest soil in the 30-60 m g / d a y range. Af-ter several soil inge s t ion s tudi e s on children became avail-able, EPA soon reduced the d a i l y soil inge s t ion es t imate forrisk assessment p u r p o s e s f rom 10,000 mg to 200 mg, cal l ingthat value the upper 95 percenti le . However , beyond this im-portant general r e f i n e m e n t , there also emerged issues ofpro t e c t i on of the soil p i c a c h i l d 6 who may ingest c op iou samounts of soil on certain days as well as adul t soil inge s t i onvalues. T h i s Dialogue summarizes (1) how soil ingestionstudies are conducted; (2) how to d i f f e r e n t i a t e among soilingestion s tudies of d i f f e r e n t qual i ty; and (3) how to u t i l i z esoil inge s t ion s tudies to prov id e ins ight s on more critical as-,pects of soil ing e s t i on that are related to risk, such as whatsize of soil p a r t i c l e s children inge s t , how to d i f f e r e n t i a t edust inges t ion f rom soil inges t ion, how to estimate soil in-ges t ion on each day in a d d i t i o n to average inge s t i on overm u l t i p l e days, and how much soil human adu l t s and animalsingest
How S o i l I n g e s t i o n Rates Are Est imated
Mass-Balance Studies
S o i l inge s t i on rates have been est imated by the use of natu-ral ly occurring m u l t i p l e inorganic tracers such as s i l i con,aluminum, and titanium in the soil that are believed to beboth low in the diet and poor ly absorbed by the gas tro int e s t i -nal (GI) tract and there fore excreted in f ece s . Once the tracervalues are determined for the f e ca l s a m p l e s , an es t imate ismade as to how much inge s t ed soil would have been re-quired to achieve that level of s p e c i f i c tracer in the f e cal
sample. T h i s , of course, would require that soil tracer con-centrations where the child p layed (i.e., usually the yard out-s ide the child's home) and household dust tracer concentra-tions also be determined.U n f o r t u n a t e l y , the source of trace e lements in f e c e s is nots o l e l y soil and dust. Trace e l ement s also occur in f ood . Ide-al ly , soil inge s t i on s tudie s should use what is called a mass-balance s t udy pro toco l in which d u p l i c a t e sample s of all in-ge s t ed items (e.g., f o o d , medic ines , and vitamin p i l l s ) dur-ing each day of the s t u d y are obtained a l o n g with da i ly ex-cretory sample s . The e s t imat i on of tracers inge s t ed is sub-

6. A "soil pica child" r e f e r s to a ch i ld that ingest s s u b s t a n t i a l l y more
soil than the average c h i l d .

tracted f rom f e c a l l e v e l s to prevent over e s t imat i on of the
soil inge s t i on e s t imate s . T y p i c a l l y , i t i s assumed that f o o d
has been inges ted one day b e f o r e the c o l l e c t i o n of f e c a l sam-
p l e s under the a s sumpt ion that pa s sage through the GI tract
requires an average of about 24 hours. In this way, there is an
e f f o r t to match input (i.e., f o o d c o n s u m p t i o n ) and o u t p u t
(i.e., f e c a l s a m p l e s ) of tracers over the same period of days.In order to reduce the p o s s i b i l i t y of food i n p u t — f e c a l o u t p u tmisalignment error, the soil i n g e s t i o n s tudie s are u sua l ly
conducted for m u l t i p l e consecut ive days (e.g., up to aseven-day per i od) with the a s s u m p t i o n that the l onger thes t udy the less chance for s i g n i f i c a n t error (i.e., the greaterthe likelihood that the ch i ld ' s i n p u t - o u t p u t o f tracers f r o mfood will achieve a balance).
The Importance of Intertracer Consistency
One of the p o w e r f u l f ea ture s of u s ing m u l t i p l e soil traceragents to estimate soil inge s t i on rates is that each tracert h e or e t i ca l ly provide s an indep enden t estimate of the same
behavior (i.e., how much soil the ch i ld inge s t ed). In thisway, cons iderable c o n f i d e n c e in a soil inges t ion e s t imate
may be achieved when m u l t i p l e tracers o f f e r s imilar esti-mates for the same day of a par t i cu lar child. For e x a m p l e , ifa child inges ted n e g l i g i b l e soil on days 1 and 3 of a s t u d y ,but copious amounts of soil on days 2 and 4 of the same
s t u d y , this would be discerned as troughs and waves of soiltracers excreted in the f e c a l s a m p l e s (i.e., very low quanti-ties on days 1 and 3, and very high quantities on days 2 and
4). In f a c t , such waves and troughs are commonly observedwithin our data on soil inges t ion and provide d i s c emab l e in-
dividual da i ly p a t t e r n s of soil i n g e s t i o n variation for an ind i-vidual. However , the key f ea ture is that high inter tracer con-
s i s t ency on the same day p r o v i d e s the cri t ical f o u n d a t i o n forthe e s tab l i shment of c o n f i d e n c e in the conclus ion that the
s t u d i e d child i n g e s t s low amounts of soil on days 1 and 3,
and high amounts of soil on days 2 and 4. A l t e r n a t e l y , doub tmay occur when estimates differ w i d e l y .Even though m u l t i p l e tracers o f f e r i n d e p e n d e n t e s t i m a t e sof soil inge s t ion, dec i s ions need to be made over how to de-termine what the best soi l i n g e s t i o n e s t imate for a c h i l d is if
the e s t imates o f the i n d i v i d u a l tracers d i f f e r . For e x a m p l e ,
the amount of soil i n g e s t e d c ou ld be e s t imated by the aver-age of all the i n d e p e n d e n t tracer values for a par t i cu lar timeperiod (e.g., a day). It would be p o s s i b l e to incorporate such
values into an uncertainty a n a l y s i s because each value rep-
resents the input for a d i s t r i bu t i on of p o s s i b l e values. If esti-mates d i f f e r w i d e l y f o r d i f f e r e n t trace e l e m e n t s , this chal-l enge s the i n v e s t i g a t o r s to addres s the causes of such lack ofintertracer agreement (e.g., d i f f e r e n t i a t i n g error from nor-
mal variation).
Validation of Soil Ingestion Study Protocol
V a l i d a t i o n of the above soil inge s t i on m e t h o d o l o g y is crit i-
cal in order to have c o n f i d e n c e in any soil i n g e s t i o n est ima-
tion. For this reason, we have conducted experimental s tud-ies in which adu l t s u b j e c t s were b l i n d l y administered soildai ly in cap su l e s ranging f rom 20 to 500 mg in order to as-sess whether we could accurately es t imate the quantity ofsoil inge s t ed using the identical s t udy d e s i g n f o l l o w e d bythe children in our re spec t ive s tudies. T h e s e so-cal led a d u l t
va l ida t i on s tudie s revealed that o n l y those tracers with a
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high s o i l - t o - f o o d concentrat ion ratio p e r f o r m well (i.e., ahigh signal ( s o i l ) to noise ( f o o d ) ratio); that is, they d i s p l a y ahigh degree of p r e c i s i o n of recovery (100 percent ± 10 to 20percent). Some early tracers such as barium and manganesethat have r e l a t i v e l y low s o i l - t o- f ood ratios p e r f o rmed quitepoor ly on soil ingestion validation studies.1 Thi s lack of pre-cision of recovery with barium and manganese in adult vali-dat ion s tud i e s s ugge s t s that these tracers have high p o t e n t i a lfor error in their estimates. In f a c t , these tracers o f t e n resultin soil ingestion estimates that d i f f e r dramatical ly f rom soilinge s t i on estimates based on other tracers. In contrast ,agents such as aluminum and silicon generally have highsoi l-to-food ratios. Using such adult validation s tudie s , wehave been able to estimate the precision of recovery inadu l t s for all tracers and a p p l y that model to mass-balancesoil inge s t ion s tudie s and d e v e l o p the equivalent of a soil in-gestion detection capacity. These results allow inves t igatorsto estimate whether their s tudy design had the c a p a c i t y tode t e c t the reported soil inges t ion rates r e l iab ly for eachtracer for any day or over a mul t iday period. 8 T h i s method-ology is conceptual ly similar to the approach of analyticalchemists as they estimate the de t e c t ion level of a chemical inany medium.Using this soil ingestion detection method, we have beenable re tro spec t ive ly to assess the precision of tracer recov-ery and d e t e c t i o n l e v e l s of all tracers used in mass-balances tud i e s . The level of d e t e c t i o n d e p e n d s on the amount of atrace element inges ted in f ood relative to that present in a
given quant i ty of soi l . Because both f o o d and soil trace ele-ment concentrat ions may d i f f e r g e o g r a p h i c a l l y , the r e l iab i l -ity of a trace element also may d i f f e r f r om s tudy to s tudy. Itis intere s t ing to note that a number of the reported e s t imate sin our initial s t u d y (barium, manganese, vanadium, and yt-trium) ' and another s tudy (aluminum, s i l i c on , and tita-nium) 10 were, in f a c t , below the estimated level of detec t ion(as d e f i n e d by the capaci ty to detect this value with 95 per-cent c o n f i d e n c e ) . T h i s means that the soil i n g e s t i o n esti-
mates reported for these tracers were probab ly not seen withs u f f i c i e n t conf idence to provide reliable estimates. S u c h es-t imates of pre c i s i on of recovery and de t e c t i on c a p a c i t y ofsoil i n g e s t i o n rates represent an important c o n c e p t u a l ad-vance and prov id e a means to permit i n v e s t i g a t o r s and riskassessors to determine whether the soil inges t ion values thatare estimated are l i k e l y to be re l iable . B e f o r e this d e v e l o p -ment, inve s t iga tor s s i m p l y pre s en t ed their f i n d i n g s withoutbeing able to determine the precision of recovery and thelevel of de t ec t ion capac i ty their s tudy had.

7. See Edward J. Stanek m & Edward J. Calabresc, A Guide to Inter-preting Soil Ingestion Studies. I. Development of a Model to Esti-mate the Soil Ingestion Detection Level of Soil Ingestion Studies, 13REG. TOXICOLOGY & PHARMACOLOGY ( 1 9 9 1 ) [ h e r e i n a f t e r IngestionStudies /]; Edward J. Calabrese & Edward J. Stanek f f l , A Guide toInterpreting Soil Ingestion Studies. II. Qualitative and QuantitativeEvidence of Soil Ingestion, 13 REG. TOXICOLOGY & PHARMACOL-OGY 278-92 ( 1 9 9 1 ) [her e ina f t e r Ingestion Studies If].
8. See Ingestion Studies I, supra note 7; Ingestion Studies II, supranote 7.
9. Edward J. Calabrese et al.. How Much Soil Do Young Children In-gest: An Epidemiological Study, 10 REG. ToxicoLOGiCAL PHARMA-COLOGY 123-37 (1989) [ h e r e i n a f t e r Calabrese et al.. How MuchSoil].

10. S c o t t Davis et al., Quantitative Estimates of Soil Ingestion in NormalChildren Between the Ages of 2 and 7 Years: Population-Based Esti-mates Using Aluminum, Silicon, and Titanium as Soil Tracer Ele-ments, 4 5 A R C H I V E S E N V T L . H E A L T H 112-22 (1990) [ h e r e i n a f t e rDavis et al.. Quantitative Estimates].

One of the s triking f e a t u r e s of the a d u l t va l ida t i on s t u d i e sis that most tracers, inc lud ing the poorest p er f orming ones(i.e., those having the lowes t f o o d - t o - s o i l ratios), are able to
provide reliable estimates of soil inges t ion when the da i lyexposure approache s 500 m g / d a y . However , as the dai lysoil ingestion quantity is reduced to 100 mg/day and furtherto 20 m g / d a y , the capac i ty to e s t imate soil inges t ion rates re-l i a b l y r a p i d l y f a l l s o f f with only those tracers having thehighest soil-to-food ratios being able to provide reliable es-timates. These f ind ing s also suggest that the soil ingestiondetec t ion capacity will vary by day depending on the quan-t i ty of tracers consumed in the diet that day.
A New and Important Source of Error
Another cha l l enge in human soil inge s t ion studies is thatsome of the tracers may be ingested from a non-food, non- 7

soil source (e.g., as tracer components of newspaper ink)and yet contribute to f e ca l concentrations of the tracers. Inthis case, such contributions would cons t i tute pos i t ive error(i.e., i n f l a t i n g the soil ingestion estimate of that subjectbased on a s p e c i f i c tracer). T h i s type of p o s i t i v e error ( f r o mnon-food, non-soil source), which we call:"source" error,'contributes to a lack of intertracer agreement in soil inges-tion estimates for an individual. The magnitude of the error ~may be very large and is believed to have contributed to theextraordinarily high values seen with titanium in all pub-lished soil ingestion studies. The initial studies of SusanBinder et al. in 1986 reported soil inge s t i on rates that weres e v e r a l f o l d higher for titanium than for aluminum and s i l i -con for the same children." S u c h intertracer di sagreementsare now believed to have been highly a f f e c t e d by source er-ror. In f a c t , all i n d e p e n d e n t l y conducted soil ingest ion stud-ies have shown remarkable consistency with their titaniumvalues. That is, the soil ingestion estimates based on tita-nium are markedly higher on average than those based onaluminum and silicon.S u c h recognition of source error and how to deal with ite f f e c t i v e l y in a nonbiased manner has presented a strongchal lenge for the interpre ta t ion of soil ingest ion s tudies .More s p e c i f i c a l l y , the chal l enge is d i s t i n g u i s h i n g source er-/ ror f rom actual soil ingest ion p r o p e r l y . Similar source errorhas also been reported for vanadium, l 7 neodymium, lantha-num, and cerium. l3 In one par t i cu lar case, the p o s i t i v esource error was so great f rom vanadium that the s u b j e c tdi sp layed a soil ingestion rate based on vanadium of ap-prox imate ly 11 grams/day (g/day) while all other (i.e., 7)tracers estimated less than 100 m g / d a y of ingested soil. M

While we have found way s to deal with input-output error(i.e., misalignment error), such as emphasizing studies oflonger duration, using tracers with higher soil-to-food ra-
11. See Susan Binder et al., Estimating Soil Ingestion: The Use ofTracerElements in Estimating the Amount of Soil Ingested by Young Chil-dren, 41 ARCHIVES ENVTL. HEALTH 341-45 (1986) [here inaf terBinder et al.. Estimating Soil Ingestion].
12. See Edward J. Calabrese & Edward J. S t a n e k m. High Levels of Ex-posure to Vanadium by Children Aged 1-4, 28 J. ENVTL. So. &HEALTH 2359-71 (1993) [her e ina f t e r Calabrese & Stanek, HighLevels of Exposure].
13. See Edward J. Calabrese et al.. Soil Ingestion Estimateifor ChildrenResiding on a Superfund Site, 36 EcoroxicoLOGY & ENVTL.SAFETY 123-37 (1997) [ h e r e i n a f t e r Calabre s e et al.. Soil Ingestion

Estimates].
14. See Calabrese & Stanek, High Levels of Exposure, supra note 12.

r
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t i o s , and u s i n g f e c a l markers to s i g n i f y the start and end ofthe soil i n g e s t i o n observat ion per iod , dealing with the un-known source error c h a l l e n g e has been more prob l emat i c .Tracer s with a p o t e n t i a l l y s i g n i f i c a n t source error could bed r o p p e d f r o m use in fu ture s t ud i e s as happened for vana-dium. However , all trace e l ement s have the p o t e n t i a l forsome source error once inc luded within a part i cular s t u d y ;the p o s s i b i l i t y of source error is prob l emat i c because itf a l s e l y e levate s the soil inge s t i on estimates and di s tort s s o i l .inges t ion estimates e s p e c ia l ly at the 95 and 99 percentiles if'the error is subs tantial . Sourc e error has not been modu-la t ed by any of the improved s tudy de s ign f ea ture s that areu s e f u l for i n p u t - o u t p u t misalignment error. Excep t for ex-c l u d i n g such tracers in subsequent s tud i e s , source error hasbeen d e a l t with on ly at the level of s t a t i s t i c a l analys i swhere a p p r o a c h e s can be e m p l o y e d to reduce its impac tunbiasedly. n

Correcting for Error
Even though soil inge s t i on s tudie s can have numerous andvery large types of error of both a po s i t iv e and negative na-ture, we have been able to i d e n t i f y , quant i fy , and correct forsome of these errors. After such corrections, the degree ofintertracer agreement improves. S u c h improvement is seenin Table 1 where corrections for various type s of error have
been made. T h i s table prov ide s informat ion on the originalmean soil inge s t i on estimates of six soil tracers (wi th barium

and manganese' not i n c l u d e d because of their p r o f o u n d l ygreater error). The t ab l e reveals that all tracers have error
that can be i d e n t i f i e d , q u a n t i f i e d , and corrected. H o w e v e r ,
the table ind i ca t e s that the magnitude and type of error canvary markedly according to tracer. One can see that alumi-num, sil icon, and yttrium d i s p l a y e d modest p o s i t i v e andnegative error, while t i tanium and vanadium were s t r i k i n g l y

7. v o l a t i l e , d i s p l a y i n g high degrees of both p o s i t i v e and nega-
tive error, and zirconium d i s p l a y i n g p r i n c i p a l l y n e g a t i v e er-
ror. S u c h recognition is critical in the s e l e c t i on of tracers forfu ture s tudies. However, the correct ing of such error is im-portant in order to maximize the value of a soil inges t ionstudy.

The concept of error in soil inge s t i on s tudie s and howlarge it could be was one of the great surpri s e s encountered.As a resul t of the emerging conc ep t of the p o t e n t i a l for sub-stantial error, considerable e f f o r t has been made to mini-
mize such problems, as noted above, by cons ider ing thel engthening of s tudies to reduce the impact of misalignmenterror, using f e ca l markers to denote more p r e c i s e l y the start
and f in i sh of the s tudy in order to link i n p u t with o u t p u t and
reduce misalignment (i.e., p o s i t i v e and n e g a t i v e error), andasking parents to e x c lude high tracer f o o d s be fore and dur-ing the s tudy in order to increase s o i l - t o - f o o d ratios (i .e . , toreduce misalignment error). As a re su l t of such changes, we
have been able to reduce p o s i t i v e and n e g a t i v e misalign-ment error, and increase the l ike l ihood of intertracer reli-abil i ty o f s u b j e c t - s o i l inge s t i on e s t imate s .

T a b l e 1. P o s i t i v e / N e g a t i v e Error in S o i l I n g e s t i o n Est imate s in the C a l a b r e s e et al.
( 1 9 8 9 ) Mass-Balance S t u d y : E f f e c t o n Mean S o i l I n g e s t i o n E s t ima t e ( m g / d a y ) u '

TraceElement

A l u m i n u m
S i l i c o n
T i t a n i u m
Vanadium
Y t t r i u m
Zirconium

N e g a t i v e Error
Lack of FecalS a m p l e onF i n a l S t u d yDay
14
15
82
66

8
6

OtherCauses'

11
6

187
55
26
91

T o t a lN e g a t i v eError

25
21

269
121

34
97

Posit ive Error
T o t a l Posi t iveError

43
41

282
.432

22
5

Net Error

+18
+20
+13

+311
-12
-92

OriginalMean

153
154
218
459

85
21

A d j u s t e d
Mean

136
133
208
148

97
113

'How to read table: for e xampl e , aluminum as a soil tracer d i s p l a y e d both negative and po s i t iv e error. The cumulative
total negat ive error is estimated to bias the mean est imate by 25 rag/day downward. However , aluminum has p o s i t i v e
error biasing the original mean upward by 43 mg/day. The net bias in the original mean was 18 r a g / d a y p o s i t i v e bias. T h u s , the original 156
m g / d a y mean for aluminum should be corrected downward to 136 mg/day.b Value s indicate impact on mean of 128 subject weeks in milligrams of soil ingested per day.c Other p o s s i b l e causes may include: s a m p l e measurement error (e.g., Zr), other aspects of i n p u t / o u t p u t misalignment in a d d i t i o n to a lack of fe-
cal s a m p l e provided in the f ina l s tudy day.
Source: C a l a b r e s e and S t a n e k , 1995

15. See Edward J. S t a n e k HI & Edward J. Calabrese, Soil Ingestion Estimates Based on the Best Tracer Method. 1 HUM. A ECOLOGICAL RISK ASSESS-
M E N T 133-56 (1995).
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A v a i l a b l e S o i l I n g e s t i o n S t u d i e s : Recogniz ing T h e i rS t r e n g t h s and L i m i t a t i o n s
There have been e igh t p u b l i s h e d soil i n g e s t i o n s tud i e s onc h i l d r e n I S and two on a d u l t s . n Of the e igh t ch i ldren s t u d i e s ,
only f our have invo lved a mass-balance p r o t o c o l . 1 8 Botha d u l t s tudie s i n c l u d e d a mass-balance p r o t o c o l . " Severals tudie s used only a few tracers , M while one s t u d y used o n l ys i l i c o n . 2 1 Several s t u d i e s by the Univer s i ty of Massachu-s e t t s researchers used up to e ight tracers. "The use of a mass-balance p r o t o c o l has been notedabove as cri t ical in order to addre s s the c on tr i bu t i on s ofdie tary quant i t i e s of tracers. Lack of a mass-balance proto-col may s i g n i f i c a n t l y i n f l a t e soil i n g e s t i o n e s t imate s espe-c i a l l y if that tracer is r e l a t i v e l y high in the f o o d or medicinei n g e s t e d . The va lu e o f m u l t i p l e tracers, a s noted previ-o u s l y , i s that they p r o v i d e more i n d e p e n d e n t e s t imat e s ofthe soil i n g e s t i o n behavior. T h i s h e l p s to pro t e c t agains t er-roneous conclus ions based on a Limit ed number of tracers,some of which may have s i g n i f i c a n t error, e s p e c i a l l ysource error. In a d d i t i o n , the use of m u l t i p l e tracers will be. advantageous if it is desired to d i f f e r e n t i a t e soil from dus t

16. See B i n d e r et ah, Estimating Soil Ingestion, supra note 11; C a l -abrese et a)., How Much Soil, supra note 9; Edward J. C a l a b r e s eet al.. Soil Ingestion: A Concern for Acute Toxicity in Children,1 0 5 E N V T L . H E A L T H P E R S P . 1354-58 ( 1 9 9 7 ) [ h e r e i n a f t e r C a l -abrese et al.. Soil Ingestion}; C a l a b r e s e et al., Soil Inges:ion Esti-mates, supra note 13; Davis et al.. Quantitative Estimates, supranote 10; Michael W o n g , The Role of Environmental and H o s tBehavioral F a c t o r s in Det ermining E x p o s u r e to I n f e c t i o n W i t hAscaris Lumbricoides and Trichuris Trichluta ( 1 9 8 8 ) ( u n p u b -l i s h e d Ph.D. t h e s i s . U n i v e r s i t y o f t h e W e s t I n d i e s ) ( o n f i l e withauthor) [ h e r e i n a f t e r W o n g , The Role of Environmental and HostBehavioral Factors]; C l a u s i n g et a l . , A Method for EstimatingSoil Ingestion i n Children, 5 9 I N T ' L A R C H I V E S O F O C C U P A -T I O N A L & E N V T L . M E D . 7 3 ( 1 9 8 7 ) [ h e r e i n a f t e r C l a u s i n g e t al., AMethod for Estimating Soil Ingestion in Children]; J. H. VanW i n j e n et al.. Estimated Soil Ingestion by Children, 51 ENVTL.R E S . 147-62 ( 1 9 9 0 ) [ h e r e i n a f t e r V a n W i n j e n e t al.. EstimatedSoil Ingestion by Children],
17. See Edward J. Calabre s e etal. . Preliminary Adult Soil Ingesiion Esti-mates: Results of a Pilot Study, 12 REG. TOXICOLOGY & PHARMA-

C O L O G Y 88-95 (1990) [ h e r e i n a f t e r Calabre s e et al.. PreliminaryAdult Soil Jngestion Estimates]; Edward J. S t a n e k HI et al.. Soil In-gestion in Adults—Results of a Second Pilot Study, 36 ECOTOXICOL-OGY & ENVTL. SAFETY 249-57 ( 1 9 9 7 ) [ h e r e i n a f t e r S t a n e k et al., SoilIngestion in Adults].
18. A l t h o u g h an a d d i t i o n a l r e a n a l y s i s o f the B i n d e r s t u d y has at-t e m p t e d t o account f or f o o d i n g e s t i o n . See K i m b e r l y M. T h o m p -son & David E. Burmaster, Parametric Distributions for Soil In-gestion by Children, 11 RISK ANALYSIS 339-42 ( 1 9 9 1 ) . See C a l -abrese et al., How Much Soil, supra note 9; C a l a b r e s e et al.. SoilIngestion, supra note 16; C a l a b r e s e et al.. Soil Ingestion Esti-mates, supra note 13; Davis el al., Quantitative Estimates, supranote 10.
19. See Calabre s e et al., Preliminary Adult Soil Ingestion Estimates,supra note 17; S t a n e k et al.. Soil Ingesiion in Adults, supra note17.
20. See Binder et al.. Estimating Soil Ingestion, supra note 11;Davi s et al.. Quantitative Estimates, supra no t e 10; C a l a b r e s eet al.. Soil Ingestion, supra note 16; C l a u s i n g et al., A Methodfor Estimating Soil Ingestion in Children, supra note 16; VanW i n j e n et al.. Estimated Soil Ingesiion by Children, supra note16.
21. See W o n g , The Role ofEnvironmental and Host Behavorial Factors,supra note 16.
22. See Calabrese et al.. How Much Soil, supra note 9; Calabrese et al.,Soil Ingestion, supra note 16; C a l a b r e s e et al.. Soil Ingestion Esti-mates, supra note 13; S t a n e k et al.. Soil Ingestion in Adults, supranote 17.

exposure. T h i s issue, which has become p r o g r e s s i v e l y mores i g n i f i c a n t in risk assessment, w i l l be addressed la t e r .Severa l s tud i e s have c o l l e c t e d d a i l y s a m p l e s over m u l t i -
ple days but l u m p e d such d a i l y s a m p l e s t o g e t h e r for a sin-g l e chemical analy s i s f o r each p a r t i c i p a t i n g c h i l d . u T h i sl u m p i n g o f d a i l y s ampl e s into a s i n g l e s a m p l e p r e c l u d e sthe c a p a c i t y to obtain daily e s t imat e s of soil i n g e s t i o n .W h i l e r educ ing the impac t o f mi sa l ignment error, l u m p i n gprevent s the e s t ima t i on of such error. In contra s t , o thers tudie s prov ided daily analyses of al l s a m p l e s . 2 4 Conse-q u e n t l y , us ing such daily evaluations p r o v i d e s the c a p a c i t yto address the issues of inter- and in t ra- sub j e c t da i ly varia-tion. B In a d d i t i o n , a 1989 s tudy by Calabre s e et al. pro-vided in format i on on soil i n g e s t i o n over two s epara t eweeks so that interweek variation by ch i ldren may be ex-p l o r e d as w e l l . M It s hou ld be noted that the c o l l e c t i o n andanaly s i s o f d a i l y s a m p l e s adds a d d i t i o n a l analyt i ca l chem-istry costs to the p r o j e c t but that d a i l y ana ly s e s add the ca-p a c i t y to i d e n t i f y , q u a n t i f y , and correct for mi sa l ignmentand source error.S u c h a brief consideration of the general f ea ture s of avail-able soil inges t ion studies reveals that they o f f e r a wide de-gree of variation with respect to s tudy protoco l s . W h i l e alls tudie s , even those with s igni f i cant s tudy Limi ta t i on s , havecontributed in important ways to the current unders tandingsof soil inge s t ion, it is necessary to recognize the re spect ives trengths and limitations of such studies in l i g h t of the abovedi s cu s s i on and how they may be u s e f u l in the risk assess-ment process.T a b l e 2 provide s a summary of the soil i n g e s t i o n s t u d i e scited above with their re spec t ive soil inge s t i on values bys p e c i f i c tracer. It is important to know that each of the trac-ers within a s t u d y is e s t i m a t i n g the same soil i n g e s t i o n be-havior among the same set of s u b j e c t s over the same time.. When values are c on s id erab ly variable wi th in a soi l inge s-tion s t u d y , the issue of whether soil i n g e s t i o n is d e t e c t a b l emay be raised. Whil e the "true" value never will be known,the basis for our above conclus ion that the "true" amountof soil inge s t ed by the average child was 30-60 m g / d a y isbased on the above consideration for how we i d e n t i f y ,q u a n t i f y , and correct for various type s of p o s i t i v e andnegative error." The values seen in T a b l e 2 are "raw" val-
ues u n a d j u s t e d for the presence of p o s s i b l e p o s i t i v e andnegat ive error. However , our 30-60 m g / d a y e s t imat e takesinto account the various methods for correc t ing for mis1

alignment and source error and is, t h e r e f o r e , an advanceover a s i m p l e cons iderat ion of h i g h l y variable tracerswithin any par t i cu lar s tudy. Befor e the d e v e l o p m e n t of theerror correction methodologie s , it was not p o s s i b l e to dis-criminate among tracers.

23. See B inder et al.. Estimating Soil Ingestion, supra note 11; Davis etal.. Quantitative Estimates, supra note 10.
24. See Calabrese et aL, How Much Soil, supra note 9; Calabrese et al.,Preliminary Adult Soil Ingestion Estimates, supra note 17; Cal-abrese et al.. Soil Ingestion, supra note 16; Calabrese et al.. Soil In-gestion Estimates, supra note 13; S t a n e k et al.. Soil Ingestion inAdults, supra note 17.
2 5 . S e e Edward J . S t a n e k I I I & Edward J . C a l a b r e s e , Daily Esti-mates of Soil Ingestion in Children, 103 ENVTL. HEALTHP E R S P . 276-85 ( 1 9 9 5 ) [ h e r e i n a f t e r S t a n e k & C a l a b r e s e , ' DailyEstimates].
26. See Calabrese et al.. How Much Soil, supra note 9.
27. See T a b l e 1 supra, where such corrections were made.
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T a b l e 2 . S o i l I n g e s t i o n Est imate s in C h i l d r e n ( m g / d a y ) Uncorrected f or P o s i u v e a n d / o r N e g a t i v e Error

TracerElement
Aluminum
S i l i c o n
T i t a n i u m
Barium
Mangane s e
V a n a d i u m
Y t t r i u m
Zirconium
Cerium
Lanthanum
Neodymium
Best TracerMethod**
Median ofBest F o u rTracers***

Binder et al.(1986)*

-Mean
181
184

1834

Median
121
136
618

Van W i j n e n et al.(1990)

Mean Median

Davis et al.(1990)

Mean
40
82

246

Median
25
59
81

Calabrese et al. (1989)S t a n e k & Calabre s e(1995)

Mean
153
154
218

32
<0

459
85
21

8

29

M e d i a n
29
40
55
<0
<0
96

9
16

<0

18

Calabrese et al.(1997)

Mean
2.7

-16.5
-544.4

42.3
19.6

116.9
8.6

269.6
65.5

6.8

Median
-3.3

-18.2
11.9

32.1
-30.8
44.9
84.5

220.1
20.1

-2.4

L i m i t i n g Tracer Method
Day<areCenter
Campers

103

213

111

160
* Not a d j u s t e d for tracer intake f r om f o o d .** Diminishes i n p u t / o u t p u t error.*** Diminishes i n p u t / o u t p u t and unknown source error.

Recent Advances
Differentiating Soil From Dust Ingestion
An important question c o n f r o n t i n g risk assessors is not only
how much soil children inges t but also how much dust theyingest as well. T h i s question is important because contami-nant concentrations may differ impor tan t ly between soil anddus t and because c h i l d r e n sp end a c o n s i d e r a b l e propor-tion of the ir waking time i n d o o r s . 2 S We have d e v e l o p e d amethod to estimate the amount of home dust that our sub-

28. See Calabrese et al.. How Much Soil, supra note 9.

j e c t s inges t ed. M The method invo lve s the comparison of
tracer ratio pairs (e.g., t i t a n i u m / s i l i c o n , a luminum/ s i l i c on ,etc.) f rom soil and dust with those for f e ca l s ampl e s for a
s p e c i f i c i n d i v i d u a l . M For this method to be e f f e c t i v e , there
must be tracers that have qui te d i f f e r e n t concentrations for
soil and dust . If there are only very modest d i f f e r e n c e s intracer ratios between so i l and d u s t , it w i l l not be very l i k e l y

29. See Edward J. S i a n e k ID & Edward J. C a J a b r e s e , Soil Ingestion in
Children: Outdoor Soil or Indoor Dust?, 1 J. SOIL CONTAMINATION
1 - 2 8 ( 1 9 9 2 ) .

30. See Edward J. Calabrese & Edward J. S t a n e k IE, Distinguishing
Outdoor Soil Ingestion From Indoor Dust Ingestion in a Soil PicaChild, 15 REG. TOXICOLOGY & PHARMACOLOGY 83-85 (1992).
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that their r e s p e c t i v e c o n t r i b u t i o n s to the re s idual f e c a l tracer
t o ta l w i l l be d i f f e r e n t i a t e d a d e q u a t e l y . Based on our or ig ina lsoil inge s t i on s t u d y , 3 1 we constructed 27 tracer ratio pairsf r o m 8 soil tracers. T h i s p r o v i d e s a sub s tant ia l o p p o r t u n i t yto d i s t i n g u i s h soil f r o m d u s t ; 3 2 thus, the use of large numbersof soil tracers can be a very p o w e r f u l f a c t o r in r e s o lv ing the
question of d i f f e r e n t i a t i n g soil f r o m dust.For one child in the 1989 Calabrese et al. s tudy, very largequantities (>20_g) of soil were ingested on 2 days. 3 3 For thissoil pica c h i l d , it was p o s s i b l e to d i s t i n g u i s h soil f rom dust
unequivocally. In T a b l e 3, we compare 18 tracer ratios f rom
soil and dust in re lat ion to the f e c a l sample s . The key ques-

tion is which medium (i.e., so i l or d u s t ) tracer ratios mostc l o s e l y resemble th e f e ca l tracer ratios. For this ch i ld ' s sam-p l e , we were for tunat e to have many tracers where the soiland dust were quite d i f f e r e n t in their ratio pair values. In allcases, the ch i ld ' s f ecal s ampl e ratios matched very c l o s e l ythose ratios seen in the soil sample rather than in dust. T h i sprovide s strong evidence that the residual f e ca l tracers
were p r i n c i p a l l y of soil origin. By i n t e r p o l a t i o n , one maye s t imate the re la t ive contr ibut ion of soil versus dust to theresidual f e c a l tracer quan t i ty and then to how much soiland dust were ingested during the period of observation bythat s u b j e c t .

T a b l e 3. Ratios of S o i l , Dust, and Residual Fecal S a m p l e s in the S o i l Pica C h i l d

1. M a n g a n e s e / T i t a n i u m
2. Barium/Titan ium
3. S i l i c o n / T i t a n i u m
4. V a n a d i u m / T i t a n i u m
5. A l u m i n u m / T i t a n i u m
6. Y t t r i u m / T i t a n i u m
7. M a n g a n e s e / Y t t r i u m
8. B a r i u m / Y t t r i u m
9. S i l i c o n / Y t t r i u m
10. V a n a d i u m / Y t t r i u m
1 1 . A l u m i n u m / Y t t r i u m
12. Manganese/ Aluminum
13. Barium/Aluminum
14. S i l i c o n / A l u m i n u m
15. V a n a d i u m / A l u m i n u m
16. S i l i c o n / V a n a d i u m
17. M a n g a n e s e / S i l i c o n
18. B a r i u m / S i l i c o n
19. Manganese/Barium

Soil
208.4
187.4
148.1

14.6
18.4

8.6
24.3
21.9
17.3

I - 7

2.1
11.3
10.2

8.0
0.8

10.1
1.4
1.3
1.1

Fecal
215.2
206.2
136.7

10.3
21.1

9.6
22.4
21.4
14.2

1.1
2.2

10.2
9.8
6.5
0.5

13.3
1.6
1.5
1.0

Dust
260.1
115.8 .

7.5
17.9
13.3

5.7
45.9
20.4

1.3
3.2
2.4

19.5
8.7
0.6
1.3
0.4

34.7
15.5
2.2

Estimated % of ResidualFecal Tracers of Soil Originas Predicted by S p e c i f i cTracer Ratios
87

100
92

100
100
100
100

71
81

100
88

100
73
81

100
100

99
83

100

Source: Calabrese and S t a n e k , 1992

31. See Calabrese et al.. How Much Soil, supra note 9.
32. N o t e that a soil tracer s t u d y with only three tracers (e.g., Al, Si, and Ti) would only be able to derive three tracer ratio pairs (e.g., Al/Si, Al/Ti, Si/Ti).
33. See Calabrese et al.. How Much Soil, supra note 9.
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Estimating Daily Soil Ingestion Rates
Init ia l soil i n g e s t i o n e s t i m a t e s p r o v i d e d a d a i l y soil inges-tion averaged over a time per iod . M T h i s rate was s i m p l y thet o ta l e s t i m a t e d quant i ty of soil inge s t ed d i v i d e d by the to talnumber of days observed. T h u s , this did not o f f e r any in s igh t[into] the nature o f variation within a s u b j e c t [on] d i f f e r e n tdays. In order to p r o v i d e more reali s t ic e s t imates of soil in-
ge s t i on over a l onger time frame than the s tudy's durat ion, i tis necessary to obtain e s t ima t e s of soil inge s t i on on each dayof the s t u d y for each s u b j e c t . 3 5 T h e s e f i n d i n g s could thenbe mode l ed in order to e s t i m a t e exposure over any durat ion
des ired.Several years ago, we deve loped a novel method to esti-mate an i n d i v i d u a l day' s soil i n g e s t i o n for s u b j e c t s and thenused these values to e s t imate soil i n g e s t i o n over a 365-dayperiod. " T h e e s t imat i on of d a i l y soil i n g e s t i o n and subse-quent e x t r a p o l a t i o n over a year were instructive becausethey provided the opportuni ty to estimate the number ofdays in a year that various propor t i on s of the p o p u l a t i o nwould be pr ed i c t ed to ingest amounts of soil of interest (e.g.,<200 mg, >500 mg, >1,000 mg, >5,000 mg, or >10,000 mg).As seen in T a b l e 4, this exercise predicted that 33 percent ofthe children would have 1 to 2 days per year when theywould ingest more than 10 g of soil while 16 percent of thechildren would ingest more than 1,000 mg on 35 to 40 daysin a year. The s e values are model estimates based on the.d a i l y soil ingestion estimates and are l ike ly to overestimatesoil inges t ion. 3 7 However , such dai ly estimates could beused with other mode l s with d i f f e r e n t a s sumpt ions andt h e r e f o r e y i e l d other p r e d i c t i v e outcomes. The p r i n c i p a l
p o i n t is that with the capac i ty to prov id e d a i l y estimates therisk assessor has greater capac i ty to address more b io logi-ca l ly relevant exposure periods that are h i g h l y relevant fors i t e - s p e c i f i c risk assessments.

T a b l e 4. Es t imated -Percent of Chi ldren W i t h SoilI n g e s t i o n Exceeding Dai ly Rates f or GivenTime Periods Per Year
Est imatedNo. ofD a y s / Y e a rW i t h SoilI n g e s t i o n
1-2
7-10
35-40

Daily Rate of S o i l I n g e s t i o n

>200mg
86 ' x

72 '
42 /.

>500 mg
72
53
31 '

^g
63
41
16 .

> 5 g
42 '
20

1.6

?10g
33-'

9 -/
1.6"

Source: Stanek and Calabrese , 1995

34. See Binder et al., Estimating Soil Ingestion. supra note 11; C l a u s i n get aJ., A Method for Estimating Soil Ingestion in Children, supra note16; CaJabre s e et al.. How Much Soil, supra note 9; Davis et al., Quan-titative Estimates, supra note 10.
35. See Edward J. S t a n e k ffl et al., A Caution for Monte Carlo Risk As-sessment of Long-Term Exposures Based on Short-Term ExposureStudy Data, 4 HUM. & ECOLOGICAL RISK ASSESSMENT 409-22(1998). .
36. See S t a n e k & Calabr e s e , Daily Estimates, supra note 25.
37. See id.

Soil Panicle S;ze That Children Ingest
Many contaminant s ar e a s s o c i a t e d w i t h s p e c i f i c p a r t i c l e
sizes f o u n d in s o i l . 3 8 Researchers t y p i c a l l y have determinedconcentrations of trace e l e m e n t s in soil i n g e s t i o n s tud i e s
sieved to adiamete£of_2m^^^te.re_(rnrn). K n o w l e d g e of thesoil par t i c l e sizes that chi ldren ingest may be a critical deter-minant in the exposure assessment process. In order to deter-
mine the par t i c l e size' i n g e s t e d , it is necessary to have two
groups of tracers in soil: one whose concentration in soil is in-dependent of part i c l e size; the other being tracers whose con-centration is partic le-s ize d ependent . In f a c t , tracers such asaluminum, silicon, and titanium are particle-size independen twhile the concentrations of cerium, lanthanum, and neodym-ium are highly dependent on par t i c l e size.39 In the case of thesethree particle-size dependent trace e l ement s , their concentra-tions increase markedly as the par t i c l e s become f i n e r (i.e.,smaller in diameter). Moreover, as the part i c l e size diminishes
from 2 mm to 250 micrometers (um) in diameter, the concen-tration increases f rom 2.5- to 4-fold for these three tracers. Be-cause particle s in the range of 50-100 um in diameter are typi-cally the ones that adhere to children's f i n g e r s , *° and that chil-dren place their f ingers f r equen t ly in their m o u t h s , ' " childrenmay be likely to ingest soil of r e la t ive ly f ine par t i c l e size.S o i l par t i c l e s at a 2 mm diameter have a concentrat ion ofcerium, lanthanum, neodymium of one-half to one-quarterof that in the less than 250 um range.4 2 As a r e su l t , soil inges-
tion e s t imates are e xpe c t ed to be 2- to 4 - f o l d higher for ce-rium, lanthanum, and neodymium when est imates use the 2mm par t i c l e size. Once we started e s t imat ing soil inge s t i on
according to p a r t i c l e size (50, 100, and 250 um), the inter-tracer r e l i a b i l i t y of soil i n g e s t i o n es t imates marked ly im-proved. The key f ea tur e in e s t i m a t i n g p a r t i c l e size i n g e s t e d
is to determine the p a r t i c l e size where the int er tracer vari-ab i l i ty is minimized to the gr ea t e s t extent. T h i s methodworks very well in the zone f r o m 2 mm to 250 um. T h e r e
does not appear to be s i g n i f i c a n t fur ther concentration of theabove three tracers ( l a n t h a n u m , cerium, neodymium) at par-t i c l e sizes below 250 um (i.e., down to 50 um diamet er). 4 3

• The avai lable data sugge s t that the chi ldren were i n g e s t i n gthe f iner par t i c l e s but it was not p o s s i b l e to add fur ther sig-ni f i cant preci s ion be low the 250 um diameter p a r t i c l e size.
In the p a r t i c l e size m e t h o d o l o g y , it is necessary to havetracers (i.e., g o l d standard tracers) that do not vary by parti-cle size. T h e s e tracers wi l l p rov id e r e l i a b l e estimates of soilinge s t i on regardle s s of the p a r t i c l e i n g e s t e d . However , be-cause contaminant concentrat ions may differ by p a r t i c l e

size, it is valuable to i n c l u d e p a r t i c l e - s i z e d e p e n d e n t tracersalong with the go ld standard tracers in soil i n g e s t i o n s tudi e s .However , it would be i d ea l if tracer e l ement s were a v a i l a b l e
38. Steven C. S h e p p a r d & Evenden, Ecosystem Processes: Contami-nant Enrichment and Properties of Soil Adhering to Skin, 23 J.ENVTL. QUALITY 604-13 (1994).
39. See Edward J. Calabrese et aL, The Effect of Particle Size on Soil IngestionEstimates, 24 REG. TOHCOLOGICAL PHARMACOLOGY 264-68 (1996).
40. See S h e p p a r d & Evenden, supra note 38.
41. See Edward J. S t a n e k HI et al.. Prevalence of Soil Mouthing/Inges-tion Among Healthy Children Aged 1 to 6,1 J. Son. CONTAMINA-TION 227-42 ( 1 9 9 8 ) .
42. See Calabrese et a)., Soil Ingesiion, supra note 16.
43. See Edward J. Stanek HI et a!.. Soil Ingesiion Estimates for Childrenin Anaconda Using Trace Element Concentrations in Different Par-ticle Size Fractions, H U M . i E C O L O G I C A L R I S K A S S E S S M E N T( f o r t h c o m i n g 1998).
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that p r o g r e s s i v e l y became more concentrated down to about25-40 Lim so that the entire range of p o s s i b l e p a r t i c l e s izesthat c ou ld be inge s t ed cou ld be e v a l u a t e d .
S o i l Pica C h i l d r e n
Most children inges t soil o c c a s i o n a l l y , with the averagechild i n g e s t i n g about 30-60 m g / d a y . H o w e v e r , there is great
var iab i l i ty among chi ldren with respect to soil inge s t i on .Likewi s e , some chi ldren are h i g h l y variable in their soil in-ges t ion ac t iv i t i e s , d i s p l a y i n g l i t t l e p r o p e n s i t y f o r soil inges-tion on one day while i n g e s t i n g copious amounts the nextday. W h i l e there has not been any concerted f o cu s on thesoil pica ch i ld , the avai lab l e data indicate that some chi ldreninges t over 50 g of soil on p a r t i c u l a r days.w In our invest iga-^t ions , we have observed a normal 2.5-year :oTd girl ingest 20."aWl^g of soil on 2 days of 1 consecutive 4-day period,43.• K n o t H e r T n v e s t i g a t i o n by_our group observed another young.g u T w E o inge s t ed about 1 to 2 g of soil on f our of seven con-̂5eculTve~days. * While!! is true that some children wi l l in-g e s t l a r g e amounts of s o i l , i t i s far f r o m certain whether soilpica is behavior that only a small s ubgroup d i s p l a y s over al imi t ed number of years (e.g., one to s ix) or whether mostch i ldren , on occasion, d i s p l a y this behavior or some combi-nation of both behavioral p a t t e r n s . 4 7

The crit ical ques t ion concerns the s i g n i f i c a n c e of soilpi ca behavior for the publ i c ' s heal th. Thi s que s t ion was re-c e n t l y addre s s ed , i n d i c a t i n g that i f ch i ldren i n g e s t e d asmuch soil on only one day that we have observed in our stud-ies at the l eve l of contamination that EPA has d eno t ed as ac-,c e p t a b l e , ' t h e ch i ld would be in a l e t h a l l y p o t e n t i a l zoneT>ased on p u b l i s h e d human c l in i ca l t o x i c o l o g y reports forf o u r chemicals (i.e., cyanide, p h e n o l , f l u o r i d e , and vana-dium). ** In a d d i t i o n , for e ight other agent s , soil inge s t i on ata rate observed by us on a s i n g l e day would be in a frank tox-i c i ty but non l e tha l zone of responses. " 9 T h e s e f i n d i n g s aree x t r eme ly trouble some because the amount of soil pre-sumed to be inge s t ed has been observed in chi ldren and theamount of tox icant that could threaten the life of a ch i ld isbased on p u b l i s h e d human responses. T h i s a c u t e l y tox i c re-sponse to a s i n g l e soil inge s t i on e p i s o d e requires no animale x t r a p o l a t i o n commonly used in risk assessment. W h i l e
there are i s sues of b i o a v a i l a b i l i t y that we could not addre s sdue to a lack of data, this f a c t o r is at least p a r t i a l l y o f f s e t bythe f a c t that minimal le thal doses were not yet de t ermined. Itseems troub l ing that national s ta t ewide c l eanup standardshave been e s tabl i shed at l ev e l s where one day's exposuremay result in a p o t e n t i a l l y l e thal dose. Of c on s iderab l e con-cern is the rapid reintegration of b r o w n f i e l d s into commerceand p o s s i b l y residential d e v e l o p m e n t , i m p l y i n g t h a f t h erisks of such acutely lethal and toxic ep i s od e s occurring willincrease. The impac t of such an acute toxic event on the• c h i l d ' s h ea l th , t h e c h i l d ' s f a m i l y , a n d t h e p u b l i c ' s c o n f i -

S 44. See W o n g , The Role of Environmental and Host Behavioral Factors,supra note 16.
•^ 45. See Edward J. C a l a b r e s e et ah. Evidence of Soil-Pica Behavior andQuantification of Soil Ingestion, 10 HUM. & EXPERIMENTAL TOXI-COLOGY 245-49 ( 1 9 9 1 ) .

. 46. See Calabrese et ah. Soil Ingestion, supra note 16.
i/ 47. See Edward J. Calabrese et ah. Lead Exposure in a Soil Pica Child,28 J. ENVTL. Sci. & HEALTH. 353-62 (1993).

48. See Calabrese et ah. Soil Ingestion, supra note 16.
49. See T a b l e 5 infra.

dence in s tate and f e d e r a l agencies may be enormous. (SeeT a b l e 5 on o p p o s i t e p a g e . )
A d u l t S o i l I n g e s t i o n
The issue of a d u l t soil i n g e s t i o n has not received as much at-tention as that of children. W h i l e the rationale for this f o cu sis intui t ive , the risk assessment i m p l i c a t i o n s of soil inges-
tion in a d u l t s may be more s i g n i f i c a n t than in children on acumulat ive dose basis. For e x a m p l e , soil inge s t i on in youngchildren may be a n t i c i p a t e d over age 1 to 6 while po s t - ear lychi ldhood covers many more years (e.g., 7 to a p p r o x i m a t e l y70). U s i n g an EPA framework, soil inge s t i on is grouped intochi ldren and a d u l t values. For ch i ldr en , the assumed age hasbeen f r o m about 9 to 12 months of age, to 6 years of age.Adult values have been f r o m 18 to 70 years. The intermedi-ate age group of 7 to 17 has not been s p e c i f i c a l l y addressedand has never been the o b j e c t of soil inge s t i on investiga-tions. Whi l e EPA derived a value of 200 m g / d a y for the up-per 95 percent i l e of young chi ldren, they s e l e c t ed a value of100 m g / d a y for adu l t s . Based on this soil ingest ion rate, it iseasily seen that the cumulative dose in adu l t s per person ex-ceeds that seen over the years of early childhood. However, ifexposure is ad ju s t ed for body weight d i f f e r e n c e s , the expo-sure of a child over years 1-6 at 200 mg/day will exceed thatof an adult at 100 m g / d a y f rom 18-70 years by almost 2 - f o l d .It should be noted that the 100 m g / d a y d e f a u l t value thatEPA selec ted for a d u l t s was not based on any known adul thuman data p u b l i s h e d in the s c i e n t i f i c literature at the timeof its n o t i f i c a t i o n . It appear s that the value of 100 m g / d a ywas based on a reasonable general a s sumpt i on that an a d u l twould most l i k e l y inge s t l e s s soil than a chi ld . However ,how much less soil an a d u l t was l i k e l y to inges t was less cer-tain. For e x a m p l e , shou ld the a d u l t value have been 10m g / d a y , 25 m g / d a y , or 50 m g / d a y , instead of 100 m g / d a y ?W i t h o u t data, such e s t imate s are t ru ly "pro f e s s i ona l " j u d g -ments at best and s i m p l y guesses at worst. Regardle s s ofhow they are characterized, there is subs tant ial uncertaintyabout the d e f a u l t value.Our a d u l t val idat ion s t ud i e s assessed the capac i ty to "re-cover" soil in the f e c e s that had been inge s t ed in knownamounts in cap su l e s . The s tudie s were de s igned to deter-mine how close the mass-balance soil inge s t i on methodol-ogy would come to e s t i m a t i n g soi l c a p s u l e doses. If soil esti-mates were close to c a p s u l e doses, the s tudies would addcon f id enc e that the m e t h o d o l o g y was a p p r o p r i a t e .Two adult val idat ion s tudies have been conducted. 3 0 Theadult val idat ion s tudi e s cons i s t ed of 1 week in which thes u b j e c t s (i.e., 6 s u b j e c t s in s tudy 1; 10 s u b j e c t s in s tudy 2) in-gested a blank capsule and then on al t ernat ing weeks on andoff capsules with 100 and 500 m g / d a y (s tudy 1) or 20,100,and 500 m g / d a y ( s t u d y 2). T h u s , both s tudie s had a "con-trol" week in which no soil was given (i.e., f i r s t week of thes tudy). For these two control weeks, soil ingest ion ratescould be estimated direc t ly. However , we also had the op-
por tuni ty to e s t imate soil i n g e s t i o n on the other weeks of thes tudi e s a f t e r f i r s t sub trac t ing the amount of soil ing e s t ed ineach c a p s u l e f r o m the f e ca l s a m p l e s that the s u b j e c t s had in-gested. In this way, we could increase the number of adul ts u b j e c t - d a y s that soil inge s t i on could be assessed..

50. See S t u d y 1: Calabrese et ah. Preliminary Adult Soil Ingestion Esti-mates, supra note, 1 7 ; S t u d y 2 : S\aM]teit\.,SoillngestioninAdults.supra note 17.
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T a b l e 5. Estimates of Acut e T o x i c i t y Associated W i t h Soil Pica Episodes in Y o u n g Children at EPA Soil Screening Concentrations
C h e m i c a l

A n t i m o n y

Arsenic

Barium

Cadmium

C o p p e r

C y a n i d e

F l u o r i d e

Lead

Naphthal ene

N i c k e l

PCP

Phenol

Vanadium

S o i lS c r e e n i n g *V a l u e( t n g / k g s o i l )
31

0.4C

5,500

78

3,100*

1,600

4,700*

400

3,100

1,600

3

47,000

550

Soil I n t a k e(g s o i l / e v e n t )

5
25
50

5
25
50

5
25
50

5
25
50

5
25
50

5
25
50

5
25
50

5
25
50

5

Dose FromS o i l 5

( r a g / k g bodyw e i g h t )
0.01
0.06
0.12
0.002
0.008
0.015
2.1
10.6
21.2
0.03
0.15
0.3
1.2
6.0
11.9
0.6
3.1
6.2
1.8
9.0
18.1
0.2
0.8
1.5
1.2

25 1 6.0
50

5
25
50

5
25
50

5
25
50

5
25
50

11.9
0.6
3.1
6.2
0.001
0.006
0.012
18.1
90.4
180.8
0.2
1.1
2.1

Lethal Dose( m g / k g b o d yw e i g h t )
ND

1-3

43-57

25

14-429

0.5

4

ND

ND

570

1 7 '

39 f

10-50*
0.86

Reference

_

( 1 6 )

( 1 7 )

( 1 8 )

( 2 1 )

(23)

(24)

—

--

( 2 9 )

( 3 1 )

( 3 1 . 3 2 )

( 3 3 )

N o n J e t h a lT o x i c Dose( m g / k g b o d yw e i g h t )
0.528

1

2.86-7.14

0.043-0.07

0.09

ND

0.04-3.0d

0.02

-70'

E f f e c t s

N a u s e a , v o m i t i n g

Throat i rr i ta t ion,nausea and vornitins

A c u t e thre shold f o rtoxicirv in a d u l t s

GI irritation andvomi t ing in ch i ldr en

Vomiting and diarrhen

G I e f f e c t s

Decreased ALAD

R e f e r e n c e

( 1 4 )

( 1 5 )

( 1 6 )

( 1 8 , 19)

( 2 1 )

_

(24)

(25)

S e v e r e b l a d d e r painand near b l i n d n e s s (26, 27)

109 H e m o l v t i c anemia
0.009' Contac t d e r m a t i t i s

ND

14 Gl e f f e c t s

ND

(29) i
1

_

( 3 1 )

-

A b b r e v i a t i o n s : N D , n o t d e t e rmined ( n o acute t j u i c i l y do s e s i n humans were i d e n t i f i e d ) ; G I , g a s t r o i n t e s t i n a l ; A L A D , a m i a o l e v u l i n i c acid d e h y d r a t e s ; P C P .p e n t a c h l o r o p h e n o l .a Value s with an as t er i sk are f r o m the EPA's Risk-Based Concentration Tables. Region III (11); va lu e s wi thou t an a s t e r i s k are f r o m the EPA's Soil ScreeningGuidance (5).b Calculated as (soil screening value x soil intakeyi3 kg assumed body weightc This value may be below background levels in some parts of the United State s . In such cases, the natural background value would be used.d Estimated dose based oa an assumed body weight of 35 kg.e Estimated dose based on an assumed body weight of 70 kg.f Estimated dose based on an assumed body weight of 59 kg.g Estimated dose based on an assumed body weight of 5 kg for an infant
Source: Calabrese a ai, 1997
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The number of s u b j e c t - w e e k s can be increased by em-p l o y i n g weeks when the s u b j e c t inge s t ed soil capsu l e s . T h i sincreased the s ub j e c t -we ek s f r o m 6 to 18 in s tudy 1 and f r o m10 to 40 in s t u d y 2. Because the s tudy pro to co l for s t u d y 1measured s u b j e c t s 4 days per week, while the pro t o co l fors tudy 2 measured s u b j e c t s 7 days per week, the number ofsub j ec t-days increased f rom 24 to 72 days in s tudy 1 andf r o m 70 to 280 days in s tudy 2. A l o n g with the advantage ofincreasing the number of days of soil i n g e s t i o n exposure ofs u b j e c t s by inc lud ing weeks that s u b j e c t s ingested the cap-sule, inc lud ing the soil cap su l e weeks also created the poss i-b i l i t y for error if the total amount of inges ted cap su l e soilcould not be accounted for in the s tudy data. By combiningthe number of adu l t s u b j e c t - d a y s with and without soil cap-su l e s , we achieved 352 a d u l t s u b j e c t - d a y s on which toevaluate soil inges t ion. The number of a d u l t s u b j e c t - d a y s i sa small f rac t ion of the nearly 1,100 children sub j e c t-daysavailable to Univers i ty of Massachuse t t s inves t igators . Ina d d i t i o n , the subject-weeks of other inve s t iga t ions 3 l (i.e.,they could not provide daily estimates because of combineddaily sampl e s) amounts to a p p r o x i m a t e l y another 300 sub-j e c t values ranging f r o m as short as 1 day to as l ong as 7days. Regardle s s of how we combine the data, it is quite evi-dent that a d u l t s have been studied much less than children.A l s o important to cons ider is that two children s tudie s mades trong a t t e m p t s to obtain p o p u l a t i o n - b a s e d random sample sto enhance genera l izab i l i ty of the f i n d i n g s (albe i t only f r o mnorthern U . S . l o c a t i o n s ) . 3 2 However , in the case of the a d u l tvalidation s tudie s , the s u b j e c t s were drawn f r o m the very re-s t r i c t ed poo l o f U n i v e r s i t y - a s s o c i a t e d e m p l o y e e s andgraduate s tudents .The adul t inve s t i ga t i on s were conducted us ing ident i ca ls t u d y des igns as in the children's s tud i e s because they weredes igned to va l ida t e the soil inge s t i on es t imation pro t o c o l .Consequent ly , the a d u l t s tud i e s are also s u s c e p t i b l e to thesame types of i n p u t - o u t p u t misalignment error as well assource error as seen with the children's s tudies . As in thechildren's s tudies, these type s o f error could be i d e n t i f i e d ,quant i f i ed , and corrected, but have not been addressed todate. The average soil ingestion rates surpris ingly did notd i f f e r noticeably f rom that seen with children. Another sur-prise i s that some a d u l t s , l ike ch i ldren, d i s p l a y largeamounts of soil inges t ion (> 1,000 mg) on particular days.T h u s , the concept of soil pica a d u l t s was raised for the f i r s ttime.Due to a more limited s a m p l e size as noted above, and thepo t en t ia l bias that the use of s u b j e c t - d a y s invo lv ing soil cap-sule ingestion involves, the degree of c on f id enc e in the adul tdata overall is less than that of the children. On the otherhand, the adult data from a 1997 s tudy by Stanek et al. wasunique in f o l l o w i n g 10 adult s over 28 days each.33 Thi s re-peat measuring of soil inges t ion ( f o r up to one month) goesfar beyond the eight days maximum observed for children 3'*and may provide more d e ta i l ed in format ion on d a i l y varia-tion for selected ind iv idua l s than any other s tudy.

51. See Binder el al.. Estimating Soil Ingestion, supra note l l ; D a v i s e tal.. Quantitative Estimates, supra note 10; Van W i n j e n et al., Esti-mated Soil Ingesrion by Children,'supra note 16.
52. See. e.g., Davis et al.. Quantitative Estimates, supra note 10; Cal-abrese et al.. Soil Ingestion, supra note 16.
53. See Stanek et al.. Soil Ingestion in Adults, supra note 17.
54. See Calabrese et al.. How Much Soil, supra note 9.

In a r e la t ed matter, EPA has a d o p t e d a type of "occupa-tional" exposure d e f a u l t value for soil i n g e s t i o n o f construc-tion workers. This value of 480 m g / d a y has come to domi-nate the soil ingest ion risk assessment process for manys i t e - s p e c i f i c evaluations.3 5 A g a i n , as in the case of the origi-nal estimate of adult soil inges t ion by EPA, there are no dataon construction worker values. Given the experience ofEPA's reducing 10,000 m g / d a y to 200 m g / d a y in l i g h t o fdata r e p l a c i n g "profe s s ional" j u d g m e n t , it is hoped that adata-driven basis for such a critical d e f a u l t value for the riskassessment process will be embraced.
Pets and W i l d l i f e
The mass-balance soil m e t h o d o l o g y also was used in s tudi e sto determine how much soil a f e m a l e Iri sh S e t t e r pet dog in-gested per day. Over a consecutive 3-day period, the dog in-gested 10-12 g / d a y . 5 6 In human terms, this is an enormousamount o f s o i l , some 500-fold higher than EPA's assumedhuman exposure for soil inges t ion for the u p p e r 95 percen-tile. However, other reports by the U . S . Fish and WildlifeService (FWS) have confirmed that copious soil inge s t ion isthe rule for many species of birds and land mammals.37 Y e t ,there has been l i t t l e at tention directed toward this issue de-s p i t e the extensive d e v e l o p m e n t in the area of ecologicalrisk assessment. The level of 10-12 g / d a y for the dog wasabout 1 to 2 percent of her d i e t . T h e s e values are s imilarfor many sp e c i e s c i t ed by the FWS and far le s s than othersp e c i e s . 3 8

Conclus ion
Over the past 12 years we have learned much about soil in-ges t ion in children and how to de s ign, conduc t , and int erpre ts tudies of such behavior. There s t i l l remain s i g n i f i c a n t g a p sin our knowledge. The present record indicate s that scien-t i s t s have never studied soil ingestion in a southern state, inthe inner city, over a period longer than eight days, or inmore than one season. Whether soil inge s t ion rates will vary
by region of the country, inner city versus suburban and ru-ral, or by season is unknown, and remains to be evaluated .T h u s , our national soil inge s t ion norms are e x t r a p o l a t i o n sf r o m one region of the country to others, f r o m suburban toinner city and rural, and from one season (the summer or
fall) to another. Despi t e the norms, s c i en t i s t s do not knowhow re l iab l e the underlying as sumptions.are that s ugge s tthat these e x t rapo la t i on procedures are appropr ia t e . Eventhough the vast major i ty of avai lable soil inges t ion data isdirected toward the "average" chi ld, s u f f i c i e n t data exist in-dicating that some children can eat huge amounts of soil onsome days, amounts that could theoret ical ly lead to le thal i tywith a one-time exposure f rom "acceptable" level s of some

55. Deborah M. Proctor et al., Resolving Uncertainties Associated With
the Construction Worker Soil Ingestion Rate: A Proposal for Risk-Based Remediation Coals, 3 HUM. & ECOLOGICAL RISK ASSESS-MENT 299-304 (1997).

56. See Edward J. Calabrese & Edward J. S t a n e k HI. Resolving Inter-
tracer Inconsistencies in Soil Ingestion Estimation, 103 ENVTL.HEALTH PERSP. 454-57 (1995).

57. See W. N e l s o n Beyer et al.. Estimates of Soil Ingestion by Wildlife,58 J. WILDLIFE MOOT. 375-82 (1994).
58. See id.
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soil contaminants. And yet, we know l i t t l e about how com-
mon soil p i ca behavior is, how variable it is, or what its pub-
lic health and regulatory imp l i ca t i on s are. Desp i t e the aboveissues in humans, the hazards may be more acute in p e t s ,
farm animals, and w i l d l i f e where such creatures may com-monly ingest >1 percent of their food as soil each day.S i m i l a r concerns exist f or soil i n g e s t i o n rates f or a d u l t sexcept that the database for them is much more l imi t ed .Much of the adul t data are p o t e n t i a l l y c on founded for be-ing drawn f r o m "adult validation" s t u d i e s using soil cap-sules on volunteer adult s . Desp i t e these l imi ta t ions , na-tional norms have been a d o p t e d for assumed soil ingest ionvalues of adul t construction workers. T h u s , considerableuncertainty exi s t s for numerous aspects of adult and chil-dren soil inge s t i on .

What started as a s i m p l e j ourney 12 years ago, that is, to
assess whether the EPA a s s u m p t i o n of "0,000 m g / d a y
should be a p p l i e d for risk assessment p u r p o s e s at T i m e s
Beach, Missouri, has become an i n c r e d i b l y i n t e r e s t i n g , y e t ,
complex s c i e n t i f i c issue that has required the d e v e l o p m e n t
of novel me thodo log i e s , a recognition of our past interpreta-
tion l imi ta t ions , the improvement and a p p l i c a t i o n of thef i n d i n g s to newer and more re f ined questions of pub l i c
health interest and concern. W h i l e we have learned much on
this journey, q u a n t i f y i n g soil inge s t i on is much like other ar-
eas of s c i en t i f i c inquiry—a good s tudy raises more ques-tions than it answers. H o p e f u l l y , the newly focused interest
in children's heal th will reinforce the need to c l a r i f y the ro l eof soil ingestion in childhood exposures to toxic substancesin the environment.


